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Abstract—This paper presents a new technique for designing
Multiple Input Multiple (MIMO) Output antennas having pattern
diversity. Massive MIMO is expected to form part of 5G commu-
nications and will require antennas having a very large number
of elements. However, due to the size limitation, it is highly
challenging to preserve high isolation between the ports. Pattern
diversity technique are also highly desirable and can facilitate
MIMO systems with diversity gain. However, achieving that
within a compact antenna where there is limited space between
the elements is also challenging. In this paper a technique
is introduce and applied to 4-element and 6-element MIMO
antennas. This technique can improve the isolation between
the ports and it also yields pattern diversity for MIMO antennas
with various numbers of elements. The technique is verified via
experimental measurement.
Index Terms—MIMO Antenna, Pattern diversity, Isolation
reduction.
I. INTRODUCTION
CEllular communications was established with the ad-vent of (1G) analog frequency modulation (FM)-based
systems in the 1980s. The first 4G network was launched
in Stockholm Sweden in 2009. It is expected that 5G net-
works will be launched around 2020. Utilizing multi-input
multiple-output (MIMO) systems, provides an increase in
channel capacity without the need for extra radio frequency
spectrum or power at the transmitter. Considering the
power and bandwidth constrains in the current genera-
tion of cellular systems, MIMO techniques offer several
advantages including: enhanced bit rate, reduced multipath
effects, and increased capacity [1].
The main idea in MIMO systems is to form parallel re-
solvable channels in order to transmit/receive uncorrelated
signals and increase channel capacity. The main challenges
in MIMO antenna design include preserving compact size,
high radiation efficiency, low envelope correlation, and high
port to-port isolation [2]. Achieving such a design would be
highly challenging due to the trade-offs which exist between
the named features. Many approaches have been proposed
to address these challenge as reported in [1]–[16]
The unwanted coupling between the radiating elements
in a MIMO system can severely increase signal correlation
and decrease radiation efficiency. One approach to address
this problem is to exploit pattern diversity to realise uncor-
related channel.
This also adds extra degrees of freedom to the MIMO
system diversity gain [14]. A planar Inverted F-antenna
is one of the most attractive antenna types for use within
a multi-element antenna designs due to its: compact size,
low complexity, easy matching, and easy integration with
mobile handsets [17].
In [18], [19] a two element IFA was proposed that yields
isolation better than 20 dB and 15 dB. However, the antenna
elements are not printed on the same pcb. The radiation
patterns of the two antenna elements are roughly the same.
In [20] a four element planar antenna is proposed. However,
that antenna configuration can only achieve -11 dB of
port-to-port isolation. To improve the isolation in a MIMO
antenna one approach is to use antenna elements that
support orthogonal eigenmodes. Although the port-to-port
coupling can be reduced effectively via this approach, the
use of different elements types will result in different gain
and radiation patterns which will degrade the consistency
of the performance over the entire angle range [21], [22].
Orthogonally locating the antenna elements to form orthog-
onal eigenmodes in a MIMO system is another approach
is commonly used to reduce the mutual coupling. This
approach will be more effective in a MIMO system antenna
having a directive radiation pattern [11], [12], [15], [17], [23].
However the limitation with this approach is that good
isolation can be achieved for two orthogonal component
or when more elements are introduced in the system.
However, good isolation cannot be preserved any more. On
the other hand in the Massive MIMO concept which is an
indispensable part of 5G communication systems, larger
numbers of antennas are highly desirable for creation of
finer and more directive beams [24].
This paper proposes a technique that can address current
requirements for wireless systems and challenges in MIMO
antenna design. The proposed technique allows multiple
antennas to be collocated on a common ground plane. The
technique allows direct and independent control of the gain
of antenna element and number of elements in a MIMO
system. Regardless of the number of antenna elements in
the MIMO system, the proposed technique can guarantee
port-to-port isolation better than 20 dB. Depending on the
application requirements the gain of the antenna can be
controlled by the size of the shared ground plane between
the MIMO elements. Therefore it can be used for numerous
applications where pattern diversity is a key factor.
Furthermore, the proposed technique targets the need
for 5G beam steerable antennas. The elements are located
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such that they can steer a directive beam from 0-360deg
in azimuth. When all ports are excited it forms semi-
omnidirectional pattern which could be used for transmis-
sion and sensing/searching proposes. To further increase
the gain the MIMO antenna can be arrayed.
II. ANTENNA CONCEPT AND DESIGN
A. Single element IFA
The structure is low profile with moderate bandwidth
and omnidirectional radiation pattern. It is also a good
candidate for MIMO purposes as it is robust against un-
wanted effects from nearby elements. The IFA antenna
offers the benefits of compact dimensions, easy integration
with active devices and good radiation performance. It is
widely used in wireless and mobile communication [14],
[25]–[28].
Design procedure: Fig. 1 illustrates the configuration of a
single element IFA antenna. The design consists of a wire
which is bent in to an L-shape. A feed is introduced to form
an F-shape structure, as the name denotes.
Consider Fig. 1, the resonance frequency is set by the
distance of the feeding port to the open end of the
monopole which is shown here in as L3. Once the desired
operating frequency is set by L3 then the distance between
the feeding port and the shorted end (L1) can be used to
tune the impedance in order to achieve a good matching
at the resonance frequency set by the value of L3. Fig. 2(a)
illustrates the effect of the change of parameter L3 on the
resonance frequency. The resonance frequency is decreased
as the value of L3 increases. Therefore, Fig. 2(a) can be used
to as starting point for the design to set by the value of L3
for the desired resonance frequency. Fig. 2(b) illustrates the
effect of the L1 on the matching (S11) at a spot frequency.
It illustrates that the parameter L1 can be used to tune
the impedance at the frequency of interest previously by
parameter L3.
Another important parameter in this design is the length
of the ground plane (lp) of the illustrated IFA in Fig. 1. This
parameter can be used to control the directivity of the main
lobe of the antenna. Fig. 3 illustrates the directivity of the
single element IFA antenna at the resonant frequency of 2
GHz for different values of lp while other parameters were
kept constant. The return loss remains below -15dB for all
the values of lp presented in Fig. 3. The position of the
antenna is also kept constant at the edge of the ground
plane. As Fig. 3 illustrates, the directivity of the single
element antenna can be increase (at theta=90, phi=90) by
Fig. 1. The geometry of the single element antenna
increasing lp. This effect will be beneficial in array design,
where high directivity in specific direction is highly desired.
B. MIMO IFA
After optimizing and designing the single element an-
tenna, for MIMO operation, it is vital to locate other
elements such that they preserve low coupling in order
to maximize the diversity performance. It is known in the
literature that for an element spacing larger than half of
Fig. 2. (a) The resonance frequency versus L3 (b)The S11 versus L1 at
spot frequency
Fig. 3. Directivity versus the size of the ground plane Lp
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the operating wavelength, low signal correlation can be
achieved. In this paper we introduce an approach that
ensures low coupling between any number of IFAs on
a common ground plane. The limited available space in
a shared ground plane, encourages us to exploit three
techniques to maximise the diversity performance:
• T-slots: are employed between the radiating IFA ele-
ments in order to minimize the coupling between ad-
jacent elements. This allows those radiating elements
to be positioned closer than half-a-wavelength on a
shared ground plane. The T-slots are aligned along lines
of symmetry which bisect the ground plane.
• Pattern diversity: The size of the ground plane can be
used to tune the directivity of each radiating element
thus minimize the envelope correlation coefficient.
• 2pi/n angular positioning: A common approach for
minimising coupling between the radiating elements
of a MIMO antenna is to position the elements orthog-
onally, as mentioned earlier. In this paper we present
a more general approach whereby the relative angle
between radiating elements is set to 2pi/n where: n is
the number of radiating elements.
In order to validate the developed approach antennas
based on 4 elements and 6 elements, were designed, fab-
ricated, and experimentally measured. Fig. 4 illustrates the
geometry of the 4 element antenna. The dimensions of the
antenna are given in Table 1. This antenna was designed
for operation within the LTE-10 band. For this reason the
antenna’s centre frequency and 10 dB return loss bandwidth
were set to 2.11 GHz and 100 MHz, respectively. The T-
slots are chosen such that the directivity is maximised
while an isolation of better than 20 dB is preserved. This
was achieved using the design procedure outlined below.
The antenna is fabricated on an FR4 substrate having a
thickness of 1.6 mm, permittivity of 4.3, and loss tangent
of 0.025.
The text below provides guidelines that can be used to
design the MIMO antenna for a particular application.
1) Setting the IFA element sizes: The desired operating
frequency, bandwidth and directivity can be achieved
by following the design guidelines for the single ele-
ment IFA.
2) Setting the number of antenna elements and ground
plane configuration: Depending on the number of
antenna elements required for the MIMO system, the
shape of the common ground plane can be set. The
number of the sides on the ground plane is equal to
the number of antenna elements. For instance for a
4, 5, or 6 element MIMO antenna the ground plane
will be square, pentagonal, or hexagonal, respectively.
3) Placing the IFA elements: The positions of the IFAs
should now be optimized to minimize the coupling
between the elements. A careful parametric study
was undertaken which reveals that best isolation is
obtained when the IFA elements are placed close to
centre of their respective sides of the ground plane. If
the ground plane dimensions are chosen such that the
Fig. 4. The geometry of the 4 and 6 element MIMO antenna. The
parameters used in the slot designs are illustrated in Fig. 4 (a). Same
parameters are also used in 6 element MIMO
distance between adjacent elements is larger than half
of a wavelength, 20 dB of isolation between elements
may be achievable. If this can not be met, step 4 can
be followed.
4) Add T-slots: To improve the isolation between the
adjacent ports, T-slots can be placed in the ground
plane as explained above.
5) Increase directivity of elements: In order to reduce
the envelope correlation coefficient and/or to achieve
the directivity required for a specified application, the
size of the ground plane can use to tune the pattern. If
higher directivity is required, the MIMO system can be
arrayed which will be discussed in the array section.
TABLE I
PARAMETERS VALUE FOR 4 AND 6-ELEMENT MIMO ANTENNA IN
(MILLIMETRES)
Parameter 4-element 6-element
L1 3 5.4
L3 19.1 16.7
H 9 9
lp 70 70
xsp 6.5 7.3
ysp 5 3.6
xs 1 1
ys 6.7 12
xtr 29.5 29.5
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Fig. 5. The S-parameter of the 4 element MIMO antenna
III. RESULTS
A. 4 Element MIMO Antenna
Fig. 5 shows the comparison between measured and
simulated scattering parameters for the 4 element MIMO
antenna. From Fig. 5 it is clear that a port-to-port isolation
in excess of 22 dB was achieved by properly choosing the
dimensions of the T-slots. It also shows the S-parameter
before and after embedding the T-slot. From these results
we can concluded that the addition of the T-slots improves
the isolation, between radiating elements, by 11 dB.
The final dimensions of the design are illustrated in
Fig. 4(a). Fig. 5 shows the S-parameters of the 4 element
MIMO antenna after optimization. From the S11 curve, in
Fig. 5, it can be seen that there is a resonance at 2.11
GHz. The IFA was designed using the guideline presented
in previous section. The designed resonance frequency was
achieved by properly choosing the value of L3. The 10 dB
return loss bandwidth was set to 100 MHz by properly
choosing the value of L1. It should be noted that for other
desired applications, the values of L1 and L3 can be chosen
accordingly.
Isolation improvement: A port-to-port isolation better
that 22 dB was achieved as illustrated in Fig. 5 (S21 and S31
are below -22dB). The coupling reduction is mainly achieve
by properly choosing the dimensions of the T-slots.
Fig. 6 (a) illustrates the radiation pattern of the 4 element
MIMO antenna. It shows the patterns associated with all 4
ports. Fig. 6 (b) illustrates the radiation patterns with and
without presence of the T-slots in order to highlight their
contribution to improving the directivity. From Fig. 6 it can
be concluded that the addition of the T-slots improves the
main lobe directivity by 2.8 dBi.
The diversity performance of the final 4-element MIMO
antenna is illustrated by the Envelope Correlation Coef-
ficient (ECC) in Fig. 7. ECC is a measure to show how
correlated two different antennas’ radiation patterns are.
The ECC varies between 0 and 1 where EEC=1 for two
completely identical patterns while for completely indepen-
dent patterns, the ECC would be 0. For a 4-element MIMO
Fig. 6. Farfield directivity (theta=90) (a) for all ports of the 4 element
MIMO (b) with and without T-slot
antenna there are two main ECCs, namely those associated
with the coupling between ports 1 and 2, as well as ports
1 and 3. These ECC are plotted in Fig. 7. The maximum
value of the EEC, corresponds to the antenna’s resonance
frequency of 2.11 GHz, and lies below 0.05. This indicates
that the patterns are highly uncorrelated. The directional
pattern of the elements (with 90 degree difference between
the main lobe angle) and thus very small value of ECC
make this antenna a great candidate for pattern diversity
in MIMO applications.
B. 6 Element MIMO Antenna
The next example is a 6-element IFA antenna as illus-
trated in Fig. 4(b). This antenna is designed for operation
at a different frequency (2.25GHz) band compared with
previous example in order to show the versatility of the
design procedure given in the design section of this section.
The antenna is fabricated on the FR4 1.6 mm and the final
dimensions of the design are illustrated in Fig. 4.
Fig. 9 illustrates the S-parameters for the 6 element
MIMO antenna after optimization. The centre frequency is
set to be 2.25 GHz as illustrated by the S66. The desired
centre frequency and band width are achieved by following
the same design procedure as employed for the 4-elements
MIMO antenna. For other desired applications, the values
of L1 and L3 can be chosen accordingly.
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Fig. 7. All possible combination of envelope correlation coefficient for the
4 elements MIMO antenna
Fig. 8. T-slot parametric study
Fig. 9. The S-parameter of the 6 element MIMO antenna
Isolation improvement: Port-to-port isolation better than
24 dB was achieved as illustrated in Fig. 9 (S56, S46, and
S36 are all below -24dB). The coupling reduction is mainly
attributed to the proper choice of the T-slots dimensions.
Fig. 8 illustrates the effect of altering the configuration and
dimensions of the slot (illustrated in Fig. 4) on the S16 (i.e.
coupling between adjacent ports) as well as the directivity
of the 6 elements MIMO antenna. In these figures, the direc-
tivity (single port) and isolation of the MIMO antenna are
calculated for different combinations of slot size where the
X-axis shows xsp values in mm and each curve represents
a different values of ys in mm. For a given value of ys,
there is a value for xsp that lead to the minimum coupling
between the adjacent ports. Also, by comparing Fig. 8(a)
and Fig. 8(b) it can be concluded that for slot dimensions
where the coupling is minimum between the adjacent ports,
the directivity is maximum. On the other hand, different slot
dimensions lead to different directivity values and therefore
they can be used as a controlling factor. For this example
and the chosen size of the ground plane, the minimum
coupling and highest value of the directivity was achieved
for xsp+ys=19mm. This value (xsp+ys) depends on the size
of the ground plane.
In order to further illustrate the effect of the slots, Fig. 9
illustrates the s-parameters before embedding the T-slots.
By comparing the S-parameters of 6-port MIMO antenna
with and without the T-slot, it can be concluded that the
isolation, between adjacent elements and front to front
elements, is improved by at least 13dB.
Radiation pattern improvement: Fig. 10 (a) illustrates the
radiation pattern of the 6 element MIMO antenna. The T-
slots are dimensioned in order to maximize the directivity
while preserving also better than 23 dB of isolation.
This approach yields 6 radiation patterns each pattern
has a directivity of 4.28 dBi. The main beam direction of
adjacent patterns are separated by an angle of 60deg. The
array can thus cover 360deg with a beam crossover value of
4.28 dBi. In order to show the how the T-slots contribute to
improving the radiation pattern, for a given antenna size,
the E-field patterns of the antenna for the 6-element MIMO
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Fig. 10. Farfield directivity (theta=90) (a) for all ports of the 6 element
MIMO (b) with and without T-slot
are illustrated with and without presence of the T-slots.
This is illustrated in Fig. 6 (b). From this figure it can be
concluded that the main beam gain is improved by 3.0 dBi
only by adding T-slots.
Diversity performance: To illustrate the diversity perfor-
mance of the final 6-element MIMO design, Fig. 11 plots
Fig. 11. All possible combination of envelope correlation coefficient for
the 6 elements MIMO antenna
the Envelope Correlation Coefficient (ECC). The 6-element
MIMO antenna can produce three different combination of
patterns. For this reason three ECC curves are illustrated
in Fig. 11. The maximum ECC value at the resonant fre-
quency of 2.24 GHz, is not more than 0.01 which proves
that the radiation patterns are close to being completely
independent. The directional pattern of the elements (with
60 degree difference between the main lobe angles) and
the very small value of the ECC make this antenna a great
candidate for pattern diversity MIMO application.
C. Parametric study of the MIMO
The position of the ports and the IFA can affect the
main lobe direction. For this reason Fig. 12 shows how
the main lobe direction of the design can be tuned for
different applications. This is illustrated in Fig. 12 for both
4 and 6-elements MIMO antenna. The ports are aligned
with y-axis and therefore the reference in this figure is 90
degree. For the 4-element MIMO as the ports moves from
edge towards the centre of each side of the ground plane,
the main lobe direction starts to deviates from 90 degrees.
The same effect is also happens for the 6 element MIMO
antenna where the main lobe starts to deviate from 85
degree. This graph can be used for the applications where
the main lobe direction needs to be set accurately. It should
be noted that acceptable impedance matching is preserved
as the position of the ports are swept through the range
given in Fig. 12.
The T-slot approach can be used to reduce the coupling
between the adjacent elements. Based on our simulation
based studies we conclude that this approach can guarantee
good isolation between the ports (S21 better than -15 dB)
provided that the relative distance between the ports is
larger than lambda/4. This therefore places an upper limit
on the largest number of elements that can be located
within a ground plane of a given size. For a give number
of elements, increasing the size of the ground plane will
increase the directivity, as illustrated in Fig. 12.
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Fig. 12. The main lobe direction of the antenna VS. the position of the
port. The 0 mm is when the antenna is at the edge of the side
Fig. 13. The directivity vs. the geometry (a) of the 6 elements MIMO
antenna
Main lobe directivity: The directivity and half power beam
width, are important factors in many applications. This
design configuration is flexible in terms of the number of
antenna elements and facilitates control over directivity and
half-power beam width. To allow the MIMO antenna to
have the full space coverage (360 degree), the half power
beam width for each of antenna elements should be set to
360/n; where n is the number of antenna elements. Fig. 13
illustrates the directivity versus parameter a (the side length
of the ground plane). This graph shows that the parameter
a can be used to set the required directivity for a given
design. The directivity increase as a increase. This graph can
be used to design a 6 element MIMO antenna exhibiting a
particular directivity. The graph shows that the directivity
attains its maximum value when a = 95mm.
Fig. 14 illustrates the fabricated 4 and 6 element MIMO
antennas. To feed the antenna in practice, semi-rigid cable
is used. One end of the cable is connected to the SMA
connector and the other end is connected to the IFA.
Fig. 14. The geometry of the fabricated 4 and 6 elements MIMO antenna
Fig. 15. The geometry of the array configuration for 4 elements MIMO
antenna
D. Array performance
In some application, such as beam forming, high direc-
tivity is desired. To address this need the performance of
the proposed technique is illustrated when arrayed. This
is illustrated for the 4-element antenna. Two copies of
the antenna are arrayed along the z-axis. The antennas
are separated by λ/2. The configuration of the design is
illustrated in Fig 15.
Fig. 16 shows the radiation patterns of the MIMO antenna
shown in Fig. 15. The main lobe directivity of the structure
is 3.1dBi higher than that of the the antenna shown in Fig. 4
(a).
Moreover, the half power beam width (at Theta=90) is
91 degree which makes it suitable for a 4-element MIMO
antenna as it can covers full 360 degree using only 4
patterns. The main lobe angle can also be shifted toward
90 degrees by using the Fig. 17. Ports 1 and 5 in the 4
elements MIMO antenna are excited with in-phase signals.
This antenna in array configuration will be a great candidate
for beam forming applications. This design configuration
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provides versatility depending the application requirements.
The granularity of the number of beams in the elevation
plane can be adjusted by varying the number of array
elements along the z- axis while the granularity in the
azimuth plane can be adjust by varying the number of
MIMO elements. When all ports of the proposed configura-
tion are excited simultaneously, the system can be used to
search the whole 360 degree. This is useful in some beam-
forming application where the system needs to monitor the
environment and determines the direction of arrival before
establishing the connection for maximizing the capacity of
the link.
E. Measurement
To validate the antenna design and the developed ap-
proach, the described 4 and 6 element MIMO antennas
were fabricated and measured. To prove the credibility of
the simulation, Fig. 17 and Fig. 18 are provided which
illustrate the s-parameters for the 4 and 6 element MIMO
antenna respectively. The simulated and measured data are
in a good agreement and port-to-port isolations better than
20 dB are achieved for both antennas. This validates the
developed configuration.
A frequency change (of about 4%) between the simulated
and measured results is occurred as it can be seen in Fig.17.
This can be arisen form the dielectric and thickness accu-
racy of FR-4 material. Moreover, to perform measurement of
the fabricated antenna, semi rigid cable is used and bended.
As this bend is performed manually and not with the most
accurate equipment, degrees of impedance mismatch might
be arisen from this action. In order to prevent this frequency
change, a substrate with more accurate dielectric tolerance
such as Roggers 5880 can be used. Also smoother cables
or SMA jack (90 degree SMA) can be used to prevent the
inaccurate bend.
Moreover, to illustrate the credibility of the radiation
patterns in simulation, the measured and simulated E-plane
of the 6 elements MIMO antenna are plotted in Fig.19.
An acceptable agreement is achieved thus validating the
simulations.
Table II summarises the performance of 9 state-of-the-
art MIMO antenna design. The designs reported in [32,
33] exhibit higher port-to-port isolation than the proposed
antenna. However, their diversity gain, ECC, and efficiency
were not reported. In summary the proposed MIMO an-
tenna offers high efficiency, good port-to-port isolation, and
high diversity gain. It also benefits from having a low cost
planar structure as well as a versatile design which can be
altered to the gain or numbers of elements.
IV. CONCLUSION
Multiple input multiple output (MIMO) antennas with
pattern diversity are a key technology for modern mobile
communication system which enable high spectral effi-
ciency. A key limiting factor in this technology is the size of
the device which limits the number of radiating elements.
This is due to the fact that preserving high isolation between
radiating elements installed within a limited volume of
space is a challenging task. This paper presents a technique
for MIMO antenna design that can be used to integrate
any number of antenna elements on to a common ground
pattern.png
Fig. 16. The Farfield directivity for four element antenna (a) Theta=90 (b)
Phi=90 E and H plane of the array 4 elements antenna
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TABLE II
PERFORMANCE COMPARISON OF THE PROPOSED APPROACH AND REFERENCE MULTIPORT MIMO ANTENNAS
Ref technique
number
of port
bandwidth
(%) pattern
additional
components
min isolation
level (dB)
diversity
Gain ECC
Efficiency
(%)
[29] inter digital capacitor 3 3
omnidirectional
and broadside
feeding
network
20 0.99 0.08 48
[30]
characteristic
mode analysis
3 6
omnidirectional
and broadside
mode decoupling
network
20 0.99 0.04 51.17
[31]
vertically
polorised ports
2 4 broadside
power splitters
network
35 - - -
[32]
printed parasitic
reflector
4 12
directional
endfire
reconfigurable
feeding network
28 - - 81
[33]
interconnected
ground
4 58.6
broadside
directional
No 11 - <0.1 95
[34]
cross-shaped
decoupling structure
4 1.6
broadside
directional
shorted cross-shaped
metal strips
18 0.99 0.08 63
[35]
decoupling structure
in ground plane
2 149 omnidirectional
L-shaped strips
in the Ground plane
22 9.98 0.01 75
[36]
monopole and
patch combination
3 13
endfire and
broadside
No 15 9.9 0.008 55
[37]
characteristic
modes anlysis
2 130 omnidirectional No 20 9.9 0.003 70
Prop
-osed
T-slot
analysis
flexible 20
omnidirectional
and directional
T-slot 24 9.9 0.02 75
Fig. 17. The measured and simulated s-parameter of the 6 elements MIMO
antenna
plane. Using this technique ensures the high isolation
between the ports and can lead to directive patterns from
each element in the MIMO antenna. This makes the re-
sulting design suitable for pattern diversity. The technique
is applied on a IFA antenna and to test the validity of
the proposed technique, 4 and 6 elements MIMO antenna
are simulated and fabricated. A good agreement between
the simulation and measurement is achieved which can
validates the proposed technique. This technique can be
a good candidate to design massive MIMO antenna for the
5G system where large number of antennas in a limited
space is required.
Fig. 18. The measured and simulated s-parameter of the 4 elements MIMO
antenna
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